Background. The aim of this study was to investigate whether nanomolar concentrations of lanthanum could influence the calcium-sensing receptor (CaSR) response. Methods. Embryonic kidney (HEK-293) cells transiently transfected with the human CaSR were used to test the ability of lanthanum to activate the CaSR, either alone or in combination with calcium. CaSR activation was measured by flow cytometry. Parathyroid glands from 4-month-old male Wistar rats with normal renal function (n = 60) were also cultured ex vivo with different concentrations of lanthanum to measure parathyroid hormone (PTH) secreted to the medium and PTH mRNA. Results. The maximal CaSR activation induced by 1 μM lanthanum chloride (LaCl 3 ) was similar to that induced by 16 mM calcium chloride (CaCl 2 16 mM: 294 ± 14%; LaCl 3 1 μM: 303 ± 11%). Lanthanum half effective concentration (EC 50 ) was 77.28 nM, lower than the 2.30 mM obtained for calcium, supporting the concept that this metal is a strong agonist of the CaSR. Moreover, lanthanum was also able to enhance CaSR sensitivity to calcium. The presence of 1 nM LaCl 3 significantly left-shifted the CaSR response curve, changing the EC 50 value for calcium from 2.30 mM (calcium alone) to 1.26 mM (calcium + 1 nM lanthanum). The parathyroid glands cultured with lanthanum showed a trend to secrete less PTH compared to the control glands: 1.51 ± 0.23 (control), 0.91 ± 0.17 (La 100 nM) and 1.04 ± 0.18 (La 400 nM) [(pg/h)/(pg/ h), mean ± SEM] (ANOVA P = 0.0145). A similar trend was also observed in PTH synthesis measured by PTH mRNA levels. Conclusions. These in vitro findings demonstrate that lanthanum, at nanomolar concentrations, is an agonist of the CaSR able to activate it in the absence of calcium. In addition, it can also enhance CaSR sensitivity to calcium, modulating PTH synthesis and secretion.
Introduction
The calcium-sensing receptor (CaSR) is a member of the family of 3 G protein-coupled receptors, characterized by a long extracellular amino-terminal tail which contains the ligand-binding sites. The CaSR was cloned for the first time in parathyroid glands, but nowadays, it is a wellknown fact that CaSR 'senses' extracellular calcium ([Ca 2+ ] E ) in many tissues [1, 2] . The CaSR has been defined as a 'promiscuous' receptor, since it responds to a wide variety of cations other than calcium, including magnesium, gadolinium, lead or aluminium [1, 3, 4] , and even other compounds such as polyamines and L-amino acids [1] .
Most of the aforementioned modulators of the CaSR are considered calcimimetics, since they mimic the effect calcium exerts on the receptor. However, two different types of calcimimetics have been described: type I or 'real' calcimimetics, so-called because they are able to activate the receptor in the absence of calcium (i.e. polycations and polyamines), and type II, which, in turn, are positive allosteric modulators of the receptor for they require the presence of calcium in the extracellular medium to exert their effect on the CaSR (i.e. L-amino acids and the commercialized synthetic phenylalkylamine cinacalcet) [1, 5, 6] .
Due to its low specificity, it has been mentioned that the CaSR also 'senses' other cations, such as lanthanum, albeit at micromolar level [1, 7] . Despite basal serum lanthanum levels being <0.2 nM [8, 9] , lanthanum exposure produces a 10-to 50-fold increase in serum concentrations [8] [9] [10] .
The aim of the present study was to determine whether lanthanum alone or in combination with calcium is able to activate the CaSR and modulate parathyroid hormone (PTH) synthesis and secretion.
Materials and methods

Cell culture and transfection
Human embryonic kidney cells (HEK-293, ATCC-LGC no. CLR-1573, Promochem, Teddington, UK) were cultured in DMEM-F12HAM (Sigma-Aldrich, St. Louis, MO, USA) with 10% FCS, 100 U/ml penicillin and 100 μg/mL streptomycin sulphate (all from Biochrom AG, Berlin, Germany) at 37°C in a humidified atmosphere with 5% CO 2 at a density of 10 6 cells/dish (10 cm in diameter). Cells were grown to subconfluence and transiently transfected with 10 μg of the pcDNA3.1 expression vector (Invitrogen ™ , Carlsbad, CA, USA) containing the human CaSR gene [11] using the calcium phosphate method [12] . CaSR activation was assessed 48 h after transfection.
CaSR expression
Transfection efficiency and CaSR location were determined by immunocytochemistry using an anti-CaSR polyclonal antibody (kindly provided by A. Brown from the Washington University School of Medicine, St. Louis, MO, USA; 1:1000) [13] . HEK-293 cells (5 × 10 5 ) were fixed in 4% formalin-PBS (Sigma-Aldrich) on a glass slide. Staining was carried out as previously described [14] . CaSR expression was also determined by western blot. Aliquots containing 40 μg of total protein were subjected to SDS-PAGE and transferred to a nitrocellulose membrane following a standard protocol [12] . The same anti-CaSR polyclonal antibody used for immunocytochemistry was used as the primary antibody (dilution 1:1000), and the goat anti-rabbit immunoglobulin G (IgG)-HRP (ref.
sc-2004, Santa Cruz Biotechnology, Santa Cruz, CA) was used as the secondary antibody (dilution 1:5000). Chromogenic detection was performed with SuperSignal West Pico Substrate (Pierce Biotechnology Inc., Rockford, IL, USA).
In vitro CaSR activation study
The fluorescent probe Fluo-3 (Fluo-3/acetoxymethyl ester; Fluo-3/AM, Invitrogen ™ ) was used to monitor the intracellular calcium ([Ca 2+ ] I ) response in the transfected cells upon exposure to the increasing levels of calcium chloride (CaCl 2 ) or lanthanum chloride (LaCl 3 ). Sodium chloride was used as the negative control. At least three different experiments with separate transfections were performed for each stimulus. The transfected cells were washed and resuspended in a calcium-free, lanthanum-free buffer (118 mM NaCl, 4.6 mM KCl, 10 mM D-glucose, buffered at pH 7.3 with 20 mM HEPES) in order to ensure any differences in [Ca 2+ ] I that were exclusively due to the CaCl 2 and/or LaCl 3 added to the extracellular medium. Cells were loaded with 0.5 μM Fluo-3 and 0.25 μg/mL 7-amino-actinomycin D (7-AAD, BD, Mountain view, CA, USA) [15] , and then washed and resuspended in the same buffer at 10 6 cells/mL. The Fluo-3 fluorescent emission (505 nM) was detected with a FACScan Flow Cytometer (BD) 3-5 s after the cells were stimulated with the different CaCl 2 and/or LaCl 3 concentrations. In these conditions, only the transient increases in [Ca 2+ ] I could be detected. Only the viable and functional transfected cells, selected as described below, were used for CaSR response experiments. For each individual stimulus, 2000 gated cells were acquired, and the Cell Quest software (BD) was used to determine the peak mean fluorescence intensity of the transient response. In both the calcium and lanthanum experiments, supernatants were collected and ultracentrifuged at 20 000 g for 30 min in order to measure lanthanum in solution.
Selection of viable CaSR-expressing HEK-293 cells
Non-viable cells were excluded by using the vital staining 7-AAD reagent. Once transfected, the cells were acquired by the cytometer and plotted by cell size (Forward scatter, FS) and 7-AAD uptake. Three different cell populations were observed and gated: G1, G2, G3 ( Figure 1A ). G1 cells showed high levels of 7-AAD uptake, indicating that these cells were non-viable and were thus excluded from the analysis. On the other hand, both G2 and G3 showed low levels of 7-AAD uptake, indicating that these two groups of cells were viable.
In order to exclude the non-CaSR-expressing cells, we analysed CaSR activation in both G2 and G3 populations upon exposure to either extracellular calcium ( Figure 1B , bottom panel); hence, G3 was the only group of cells used in the study.
Determination of lanthanum in cell media
The lanthanum concentrations added to the buffers were checked by measuring the cell media via inductively coupled plasma-mass spectrometry (ICP-MS, model no. HP 7500c, Agilent Technologies, Santa Clara, CA) using the methodologies developed and optimized in the Mass Spectrometry Service at the University of Oviedo (Spain). The limit of detection for determining lanthanum levels with this method was 0.01 nM.
Curve fitting
Using non-linear regression, the data were fitted to a logarithmic curve to calculate the half effective concentration (EC 50 ) values. The correlation coefficient r between the data and the fitted logarithmic curves was 0.98 or better in all cases.
Absolute values for [Ca 2+ ] I were calculated according to the equation:
, where F = fluorescence. F min and F max were obtained for 0 and 16 mM extracellular calcium, respectively. The k d of Fluo-3 in HEK-293 cells transfected with the CaSR was assumed to be 0.81 mM [16] .
Parathyroid tissue culture
Parathyroid glands were extracted from 4-month-old male Wistar rats with normal renal function (n = 60) as previously described [4] . On each experiment (n = 4), the parathyroid glands from 15 rats (30 glands) were pooled in three groups of 10 parathyroid glands each. The parathyroid glands were placed into a nylon basket with a permeable membrane of 12 μm pore size, physically isolating the glands from the bottom of the well (Transwell ® Costar ® , Corning, New York). The glands were constantly shaken (AOS-0 SBS Instruments SA, Badalona, Spain) at 37°C with 2 mL of a medium containing 125 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , 1 mM NaH 2 PO 4 /Na 2 HPO 4 (1:2), 1 mM sodium piruvate, 4 mM L-glutamine, 12 mM D-glucose, 25 mM sodium HEPES, 0.1 U/mL insulin, 0.1% bovine serum albumin, 100 U/ mL penicillin and 100 μg/mL streptomycin buffered at pH = 7.4. The glands were subjected to an 8-h washout period; the culture medium was changed every 2 h. The medium used during the last 2 h of the washout period was collected for the measurement of PTH (basal).
After this washout period, the glands were incubated with a fresh medium containing 0.6 mM CaCl 2 and 10% of rat serum pre-incubated overnight with LaCl 3 . The three groups of glands were cultured with a lanthanum-free (control), a 100-nM lanthanum and a 400-nM lanthanum medium, respectively. After 24 h, the medium was collected for the measurement of PTH with an immunoradiometric assay (IRMA) Rat PTH ® assay (Nichols Institute, San Juan Capistrano, CA, USA). The total amount of PTH secreted to the medium per hour was calculated, and the 24-h/basal secretion ratio was considered to assess the effect on lanthanum on PTH secretion.
The parathyroid glands were also used for the measurement of mRNA levels of PTH by quantitative real-time RT-PCR (qRT-PCR). qRT-PCR was performed on an ABI Prism 7000 Sequence Detection System using TaqMan ® Universal PCR Master Mix (Applied Biosystems). PTH gene and 18s rRNA were analysed using TaqMan ® Pre-Developed Assay Reagents (TaqMan ® Gene Expression Assays-On-Demand Rn 00566882_m1 and Eukaryotic 18s rRNA Endogenous Control Reagent, Applied Biosystems) as endogenous controls. All reactions were performed in triplicates amplifying endogenous and target genes in the same Lanthanum activates CaSR and enhances sensitivity to Ca 2931
plate. The relative quantitative evaluation of target genes was performed by comparing threshold cycles using delta-delta cycle threshold method (ΔΔC T ) method, as previously described [17, 18] . All procedures involving rats were approved by the Institutional Animal Use Ethics Committee.
Statistical analysis
The statistical analyses were carried out by using the statistical analysis package SPSS 15.0 for Windows. Results are presented as mean ± standard error of the mean (SEM). One-way ANOVA and Student's t-tests were used for comparisons. Statistical signification was considered at P < 0.05.
Results
Characterization of viable, CaSR-expressing HEK-293 cells
Prior to the activation study, we determined whether the transfected HEK-293 cells expressed adequate levels of CaSR. Western blot analysis showed high levels of CaSR expression in transfected cells, and as expected, no receptor expression was found in the non-transfected cells (Figure 2A) . Moreover, immunocytochemical staining showed that 70% of the transfected cells expressed CaSR correctly localized at the cell membrane ( Figure 2B ).
CaSR response to extracellular calcium and lanthanum
Initial experiments evaluated CaSR response to calcium in a wide range of concentrations (CaCl 2 from 0.1 to 32.0 mM). A dose-dependent effect was found, with a maximum activation at 16.0 mM. Additional increments (32.0 mM) did not increase the response but resulted in a lower CaSR activation due to cell toxicity as detected by flow cytometry (data not shown). When values were normalized against the maximal activation, an EC 50 of 2.30 mM was obtained ( Figure 3A) , a value comparable to those reported in previous similar studies using the same experimental model (transfected HEK-293 cells) [19] [20] [21] .
The transfected cells were then exposed to the increasing amounts of LaCl 3 (0.01-5 μM). Just as for calcium, we found a dose-dependent effect with maximum CaSR activation at 1 μM. As in the case of calcium, the subsequent addition of LaCl 3 (5 μM) resulted in cell toxicity and lower CaSR activation (data not shown). The lanthanum-induced CaSR activation is quite similar to that of calcium, including maximal receptor activation (LaCl 2 16 mM: 294 ± 14%; LaCl 3 1 μM: 303 ± 11%). Furthermore, when CaSR activation was normalized against the maximal LaCl 3 concentration (1 μM) and fitted, it reported an EC 50 of 77.28 nM ( Figure 3B ), a value clearly lower than the 2.30 mM obtained for CaCl 2 ( Figure 3A) . Therefore, LaCl 3 was able to activate the CaSR by 50% at a concentration almost 30 000 times lower than CaCl 2 . No significant differences were observed in lanthanum EC 50 when activation values were normalized against the maximal CaCl 2 concentration (16 mM).
Combined effect of calcium and lanthanum in CaSR activation
On a second series of experiments, we evaluated the possible additive effects of both cations by studying CaSR response to CaCl 2 (0.1-16.0 mM) with different LaCl 3 concentrations (0.1-10.0 nM). The calcium response curves in the presence of LaCl 3 concentrations >1 nM were normalized against 8 mM [Ca 2+ ] E due to cell toxicity observed at 16 mM CaCl 2 as detected by a decrease in the number of G3 cells (data not shown).
The presence of lanthanum in the media left-shifted the calcium-response curves in a dose-dependent manner. The calcium EC 50 values in the presence of the different concentrations of LaCl 3 are shown in Figure 4A . The increasing concentrations of LaCl 3 produced a decrease in Ca EC 50 thus increasing CaSR activation.
In addition, we calculated the [Ca 2+ ] I concentration achieved in the cell in the presence or absence of LaCl 3 as a more direct measurement of CaSR activation. As it is shown in Figure 4B , [Ca 2+ ] E = 1.5 mM led to a significant, concentration-dependent increase of [Ca 2+ ] I in the presence Figure 4B ).
Effect of lanthanum on PTH secretion and PTH mRNA levels in cultured parathyroid glands
The parathyroid glands cultured with lanthanum tended to secrete less PTH compared to the control glands. The PTH released per hour to the medium referred to the basal secretion (last 2 h of the washout period) was 1.51 ± 0.23, 0.91 ± 0.17 and 1.04 ± 0.18 [(pg/h)/(pg/h), mean ± SEM] in parathyroid glands cultured with a lanthanum-free, a 100-mM lanthanum and a 400-nM lanthanum medium, respectively ( Figure 5 , ANOVA P = 0.150). A decrease in PTH secretion (P = 0.05) was observed when comparing the control glands vs the glands cultured with lanthanum (both La 100 and 400 nM) ( Figure 5A ). The PTH mRNA levels also showed the same trend with lower but not statistically significant PTH mRNA values in the parathyroid glands cultured with lanthanum (100 and 400 nM) (0.93 ± 0.15 and 0.86 ± 0.13, respectively) compared with the glands cultured with a lanthanum-free medium (1.23 ± 0.38) ( Figure 5B ). 
Discussion
Lanthanum is a rare earth element with no known biological role. Lanthanum carbonate is an oral efficacious phosphate binder used in the management of hyperphosphataemia that has shown a good long-term safety profile. In addition, lanthanum, at the micromolar range, is a well-known calcium channel antagonist [22] [23] [24] . The present study provides evidence that LaCl 3 'in vitro' and not bound to proteins is able to activate the CaSR at concentrations 2-3 orders of magnitude below the levels used to block the calcium channels. Under the experimental conditions of this study, LaCl 3 activated the CaSR at the nanomolar level ( Figure 3B ), whereas CaCl 2 activated the CaSR at the millimolar level ( Figure 3A) . Furthermore, LaCl 3 was as effective as CaCl 2 , producing the same maximal CaSR activation. In addition, the presence of CaCl 2 was not necessary to activate the CaSR. The increments in [Ca 2+ ] I observed after exposing the transfected HEK-293 cells to LaCl 3 are specifically due to the activation of the CaSR, since no response was obtained in the non-transfected cells. Moreover, the increase in [Ca 2+ ] I observed after LaCl 3 exposure can only be explained by the release of calcium from intracellular stores, since there was no calcium in the extracellular medium. All the previous results indicate that lanthanum should be considered an active agonist of the CaSR and also a type I calcimimetic. Likewise, Shankar et al. [7] have reported that lanthanum activates CaSR in osteoclasts at micromolar level (EC 50 = 100 μM). However, the important differences in methodology make it difficult to compare the results obtained with the transfected HEK-293 cells and osteoclasts.
Other studies found that lanthanum, at concentrations similar to those used in our study, was able to depress the steady-state increase in cytosolic calcium in the dissociated parathyroid cells cultured with 2.0 mM calcium, ] I , intracellular calcium. *P < 0.05 vs calcium alone.
Lanthanum activates CaSR and enhances sensitivity to Ca 2935 demonstrating that lanthanum was able to block calcium influx in parathyroid cells [22] . Nevertheless, in our study, despite the absence of extracellular calcium, LaCl 3 itself was able to activate the CaSR. Therefore, it seems clear that lanthanum is able to block calcium channels preventing calcium influx from extracellular calcium to the cells; yet, at the same time, it is also able to activate the CaSR even in the absence of extracellular calcium. Another important finding of our study is that LaCl 3 , like other CaSR agonists [3, 4, 25] , is also able to enhance CaSR sensitivity to calcium. We have found that 1 nM LaCl 3 , a lower concentration than that found in other agonists of the CaSR (Mg 2+ , Ba 2+ , Mn 2+ , Pb 2+ and Al 3+ ) [3, 4, 25] , increased its sensitivity to calcium, not only decreasing the EC 50 for calcium ( Figure 4A ), but also increasing [Ca 2+ ] I concentration even when a physiological [Ca 2+ ] E concentration was present (1.5 mM) (Figure 4) . Interestingly, a higher LaCl 3 concentration (10 nM) did not further decrease EC 50 nor did increase [Ca 2+ ] I ([Ca 2+ ] E = 1.5 mM) ( Figure 4B ), suggesting this is a saturable process. Thus, once CaSR has been activated, further increments in LaCl 3 failed to increase the CaSR activation. It is important to point out that the concentrations of LaCl 3 used in this set of experiments were at least 20 times lower than the concentration of lanthanum used in the experiments performed when lanthanum was described as a calcium channel blocker [22] .
Under physiological conditions, lanthanum in serum is not free. In fact, it has been described that 99.7% of lanthanum in serum is bound to proteins [26] . Therefore, in order to investigate the effect of lanthanum on PTH synthesis and secretion using experimental conditions much closer to the physiological scenario, additional experiments were carried out culturing ex vivo parathyroid glands from rats in the presence and absence of a medium containing lanthanum which had been pre-incubated overnight with rat serum. As expected, and in keeping with the results obtained in previous studies following a similar procedure [4] , the parathyroid glands cultured with a low CaCl 2 concentration (0.6 mM) and a lanthanumfree medium (control glands) showed, after incubation, a 51% increase in the PTH secreted to the medium compared to basal conditions (1.2 mM CaCl 2 ) ( Figure 5A ). In contrast, the parathyroid glands cultured with a lanthanum-containing medium showed no increase in PTH secretion despite the low calcium concentration. We also found that PTH mRNA exhibited a similar, but not significant trend, with a reduction in the PTH synthesis in the lanthanum groups compared with the controls ( Figure 5B ).
Supporting our results, a recent study has found that serum PTH and PTH mRNA levels decreased in uraemic rats which received lanthanum carbonate, even though due to the phosphate-binding capacity of the latter, the reduction of serum phosphorous in the lanthanum-treated animals might also explain the decrease in PTH synthesis and secretion observed after the use of lanthanum carbonate [27] . In agreement with the latter, large clinical trials on lanthanum carbonate have found a mild decrease in serum PTH levels after 3 weeks of treatment [28] , but long-term treatment up to 6 years has clearly had no impact on PTH levels, and even a moderate increase has been observed [29] .
Lanthanum may have the possibility to activate the CaSR and decrease PTH release. If this stimulus persists, it has been demonstrated that lanthanum, like calcium, may also influence PTH mRNA stability and synthesis [30] .
In summary, this in vitro study demonstrates that in vitro LaCl 3 , at nanomolar concentrations, is an independent active agonist of the CaSR able to activate it even in the absence of calcium. In addition, LaCl 3 was also able to enhance CaSR sensitivity to calcium. Ex vivo, the incubation of parathyroid glands with high lanthanum concentrations showed a non-significant reduction in PTH release and synthesis.
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